The traditional applications of clocks and oscillators in navigation and scientific research continue to grow as new and more widespread applications emerge. Today, clocks and oscillators regulate the speed and efficiency of virtually every human endeavour ranging from the mundane to the exotic. In this paper we discuss some of the applications that require the service of high performance clocks and oscillators. In particular, we discuss space applications of clocks for navigation and scientific experiments. We also present a discussion of satellite navigation systems, especially the Global Positioning System, and comment on time dissemination over the Internet.
Introduction
Albert Einstein's original work in special relativity, published 100 years ago, led to the view of our physical universe as a four-dimensional manifold, which is widely known as spacetime. Each event in our world represents a point on this manifold, and the evolution of events in spacetime defines world-lines. An observer determines the needed information to characterize an event by measuring the spatio-temporal coordinates of the event in his frame of reference. Using coordinate transformation according to relativity, fundamental measurements made by observers in different frames can be made to agree in value with each other, as is required by the universality of physical laws. This model is why a variety of local or distant events, in applications ranging from navigation to precision tests of physics, must be observed through measurements with rulers and clocks. It is worth emphasizing that a length interval is readily converted to a corresponding time interval using the speed of light as the conversion factor. Thus, all events can ultimately be characterized with clocks, and intercompared by multiple observers.
Scientists and engineers currently use clocks to devise a wide range of schemes for more efficient communication, navigation and position location. Since the measurement of time, and equivalently phase and frequency, has the highest achievable precision of any physical parameter, the most precise tests of fundamental physics are also generally performed with the use of oscillators and clocks.
The first modern instance of a widespread use of clocks emerged with the need to devise train schedules for distant cities for long distance travel. Later, the ability to use clock synchronization and time-keeping for navigation opened the window to trans-oceanic travel and, ultimately, to space travel. Today, synchronization of clocks is at the heart of virtually every human endeavour. At the dawn of the 21st century, instantaneous access to data and high-speed communications are considered routine. New technologies such as the cellular telephone and wireless networks fuel a hunger for increased data communication that is difficult to satisfy. As the speed of human activities increases, so does the need to synchronize clocks at a more precise level. Hence the necessity to develop a variety of high performance clocks and frequency standards, and time and frequency dissemination systems, for the wide range of applications needed.
In this paper, we describe some of the applications of clocks and frequency standards that have a far-reaching impact on our lives and on our knowledge of the physical universe. We will generally refer to clocks and frequency standards interchangeably, although their distinction is quite important. We mostly consider some advanced applications, and because of the shortness of space, forego the description of a large number of other, less demanding but more widespread applications such as banking networks and power grids. We do provide a short discussion of time dissemination over the Internet as an illustrative example of these widespread applications.
The Global Positioning System
The Global Positioning System (GPS) is widely regarded as the finest example of how atomic clocks support the technological world of today. GPS was first and foremost designed as a military support system for precise dissemination of time, velocity and location anywhere on Earth [1] . The use of GPS as a civilian capability was conceived by the original designers, but only as a secondary function of the system. Today, the spread of GPS in applications ranges from automated location of vehicles in serious accidents by the emergency crew, as available in newer automobiles, search and rescue functions, automated farming and navigation using a PDA to scientific functions including Earth science studies and atmospheric models. This growing range of applications continues to astonish the original designers and new users alike. In retrospect, though, GPS stands only as a natural outcome in the evolution of the technology of clocks and time-keeping. In the 17th century, tower clocks in the town squares of many European cities provided time to the citizens, who could then arrange their daily activities in an efficient manner, increasing their opportunity for communication and commerce. Today, atomic clocks in GPS satellites are the modern day versions of those clock towers.
GPS is based on position location through trilateration, a notion that extends the concept of ranging and the constancy of the speed of light [2] . By measuring the transit time of a signal transmitted from a distant source, an observer can determine her distance from the transmitter. If the distances to three transmitters at known locations are known, the observer can calculate her location unambiguously. This is the basis for GPS radio navigation.
The GPS consists of a constellation of 24 satellites, each of which has redundant atomic clocks onboard. The satellites are in medium Earth orbits of about 20 000 km, moving at about 4 km s −1 and orbiting Earth a few times a day. They are typically visible for several hours in each pass. Since the position of the satellite can be estimated with metre-level accuracy based on predictions made 24-48 h earlier, they each represent the 'transmitter with a known location'. The user measures her distance to the satellite in terms of the transit time of the signal from the satellite. To enable a precise measurement of the transit times, signals with precise timing marks generated by the synchronized clocks are transmitted.
Measurement of the true transit time of the signal requires that the satellite clocks and the user's clock be precisely synchronized. A way of reducing the requirement of a precision clock at the user's location is to estimate the bias in the receiver clock. At the instance of measurement, the receiver bias affects all transit times equally, resulting in range measurements with the same deviation from the true transit times. The actual measured transit times are then referred to pseudoranges, and can be corrected by estimating the bias in the clock. This is readily accomplished by observing a fourth satellite to solve for the three rangers and the clock bias. Note that this observation is a clear example of an event as defined by a four-dimensional (three space and one time) coordinate of a point on the spacetime manifold.
With GPS, a composite time scale kept by a paper clock is defined and referred to as GPST [2] . This time scale is defined in terms of the atomic clocks onboard the satellites, and those in monitor stations. GPST is defined in real time, as a continuous time scale, and is steered to remain within a certain number of whole seconds plus a fraction of a microsecond of Coordinated Universal Time (UTC). In this way, GPS offers a time-keeping capability for users.
Satellites of GPS carry caesium and rubidium atomic frequency standards. Since there were several clock failures in the first developmental Block I satellite, Block II and IIA satellites carried four clocks each, two rubidium and two caesium clocks. The performance of all satellite clocks is monitored by a bank of atomic clocks at the master control station (MCS). As part of the navigation message that is broadcast to users, a set of parameters estimated by MCS to model the bias in the satellite clock is also provided. The satellite clock offset at a given time, t, in the GPST is calculated from the expression [2] 
Here t 0c is the reference time, a f0 is the clock offset in units of seconds, a f1 is the fractional frequency offset in seconds/ seconds and a f2 is the fractional frequency drift, in seconds/ seconds 2 . The three a f parameters represent bias, drift and ageing of the clocks, respectively.
In the above equation, t r refers to the relativistic correction and includes both the effect of relativistic time dilation due to the velocity of the satellite clocks with respect to the observer and the gravitational red-shift due to the orbital altitude. A clock in a satellite in a 26 560 km circular orbit will gain 38.4 µs per day. This is a significant bias and must be accounted for. This consideration for circular orbits must be modified for the actual GPS satellite orbits that have non-zero eccentricity. Thus both the velocity of the satellite and the orbital altitude have a time dependence relating to the motion in the elliptical orbit and will require corrections that are provided by the receiver. The magnitude of this correction varies between zero and 45 ns as the satellite changes its position in its orbit [3] .
Aside from the clock offset error, there are various sources of error associated with GPS that limit the accuracy of position location, or timing. The largest of these errors is due to the uncertainty in satellite ephemerides and calibration of the media through which signals propagate. These errors are currently accounted for by providing nearly 300 GPS observation stations that collect data continuously in support of the International GPS Service, IGS [4] . IGS utilizes the collection of the data from these stations, together with sophisticated models to produce a range of products that allow extraction of sub-decimetre position location in near real time.
Other users take advantage of the dual frequency of the GPS transmitted signals to derive high quality data based on the phase of the signal without the need to directly access the time code data.
At this point, it is important to emphasize that while the satellite clock stability is not the dominant source of error in the GPS system, clocks with a higher stability can enhance the real time capability of GPS in defence applications. They can also enhance the survivability of the system if a situation arises where satellite clocks cannot be updated by the MCS for a few days. In that scenario, the clocks on different satellites will drift apart in an unpredictable way, and the system's usefulness would diminish.
GPS is not the only global satellite navigation system currently in operation. A similar system, GLONASS [5] , was also devised by the former Soviet Union for military use, with a part of the signal made available for civilian use. Since the fall of the Soviet Union, operation of GLONASS has been assumed by the Russian Federation. GLONASS was initially designed for a constellation of 24 satellites, like GPS, each of which would carry a number of caesium clocks. With time, however, the number of failures has reduced the GLONASS system to fewer than ten satellites. Nevertheless, the system provides an invaluable resource to the civilian users for commercial and scientific applications, since the data from this system can be combined with the GPS data to improve results. IGS also monitors the GLONASS system and provides data products based on this system, in combination with GPS.
Currently, there is a third global navigation satellite system under development, the European Galileo [6] . Galileo is being designed as a service under civilian control, which will provide a guaranteed positioning service. This is in contrast to GPS, which might be compromised in times of military needs to reduce access to the civilian population. Galileo will be interoperable with GPS and GLONASS and will significantly enhance the worldwide commercial and scientific applications of satellite navigation services. The first experimental satellite of this system is due for launch in the second half of 2005. Once fully deployed, the system will consist of 30 satellites, three of which would be active spares, orbiting the Earth at 23 616 km altitude. The orbital plane of Galileo is designed to provide coverage to latitudes up to 75˚N. Once deployed, Galileo promises to provide a highly robust system with a wide coverage in support of exclusive use for commercial and scientific functions.
We will conclude the discussion of GPS and satellite navigation systems with a mention of similar systems being studied for planetary exploration. In the next section, clock-assisted navigation for space exploration is described in some detail. But as pressure for human exploration of Mars and the Moon is growing, several studies are being conducted to determine the most efficient means of navigating manned and robotic assets on the surface of these bodies. In the case of Mars, since radio signals take anywhere from 4 min to about 20 min to reach Mars (depending on its position in its orbit with respect to the Earth), a real-time navigation system will be important. Such a system may be devised based on stable clocks orbiting Mars and providing GPS style signals to space assets on the Martian surface. Because of the cost and complexity of such a system, designers are currently studying various approaches, including the possibility of placing highly stable atomic clocks on Mars orbiters. Such an approach requires the development of new clocks that can provide stability in the 10 −15 range and have very high operational reliability as well as a small mass and volume as required by planetary instruments.
Frequency and time and space tracking applications
Frequency and time play a pivotal role in any communication complex.
Every signal received or transmitted in a communication system is synthesized from or referenced to a stable frequency derived from a frequency standard. The rate of transmission and reception of signals is governed by a clock, the stability and accuracy of which determines the efficiency and channel capacity of the system. In the early history of space, the major application of clocks in missions consisted of navigation, and frequency standards only supported spacecraft navigation and tracking functions. Quartz oscillators were used in the early 1960s to determine the spacecraft range and velocity. As the requirements for trajectories and orbital dynamics became more stringent, new techniques including Doppler tracking and very long baseline interferometry (VLBI) were required. These new techniques required the service of more stable frequency standards leading, successively, to the use of rubidium vapour clocks and, in the late 1970s, to the era of the hydrogen maser. The requirements of radio sciences, VLBI and other tracking functions have now evolved to a point where a stability performance superior to that of the hydrogen maser is required to fulfil the needs of the space tracking systems. These requirements are being met with mercury ion standards for long averaging intervals, and cryogenic oscillators for short (<1000 s) intervals. The development of the Linear Ion Trap Standard [7] and cryogenic oscillators [8] are the responses to these needs.
In the simplest form of spacecraft tracking, measurement of the round-trip time of flight of a signal from the ground to spacecraft provides the ranging information. This information is typically quite accurate, even with lower performance clocks. But when the angular location is needed, the service of atomic clocks is required, because the angular position of the spacecraft may be determined using VLBI techniques utilizing a radio map of the sky. This and similar navigational approaches require highly stable clocks. For example, if the stability of the clock is of the order of a part in 10 13 , the determination of the location of spacecraft at Jupiter distance will be uncertain by about 300 km. The determination of the velocity of the spacecraft with Doppler tracking also usually requires high stability frequency standards (in the 10 15 range), depending on the needed accuracy. If the orbit determination requirement is at the 1 m range for an interplanetary mission, clock stability in excess of 10 15 may be required [9] .
In the Deep Space Network of NASA (DSN) interplanetary spacecraft are tracked and commanded to gather and transmit data obtained with onboard sensors. The most prevalent use of clocks and frequency standards is deep space navigation of interplanetary spacecraft. Deep space navigation is composed of three parts: a solar system map including Earth orientation (UTC); a trajectory plan; and navigation measurements of spacecraft position and speed. Frequency standards are essential to this last task, but we will briefly discuss the other tasks.
There are two classes of measurements used to determine spacecraft position and velocity, optical and radiometric. Optical measurements are derived from an onboard camera where the planet of interest is imaged against a background star-field for angular position information. For more precise navigation, however, the carrier for the telecommunications link is used for radiometric velocity and positioning, as we will now consider in some detail [9, 10] . Radiometric measurements on the telecommunications link at S-band (2 GHz), at X-band (7) (8) or more recently at Ka-band (32 GHz) measure the Doppler shift of the uplink to downlink frequency difference. Alternatively, spacecraft range is determined by measuring the two-way (round-trip) light time for a radio signal to propagate between the ground stations and the spacecraft. Ranging measurements are very precise, determining the 'line-of-sight' distance from an Earth station to spacecraft to within an uncertainty of a metre. Another navigation type is the near simultaneous ranging of two spacecraft in a neighbouring part of the sky, typically used when one spacecraft is in planetary orbit and another spacecraft is nearing the planet. Several Mars missions have used this navigation type since multiple orbiters are present.
Two-way Doppler navigation is summarized schematically in figure 1. The link carrier frequency is derived from a stable hydrogen maser with frequency stability ∼(1-2)×10 −13 at a 1 s averaging interval, improving to 10 −15 between 1000 s and 10 000 s averaging time. The frequency shift between the uplink and downlink is twice the Doppler shift of the range rate of spacecraft motion relative to the Earth station. If f T and f R are the transmitted and received frequencies, respectively, then f R = (1 − 2ρ/c)f T . For a given measurement interval, typically an 8-10 h track, the spacecraft change of range is derived by integrating the Doppler relation, giving
The range rate,ρ, has contributions from Earth's rotation and a geocentric range rate,ṙ(t), from an Earth-centred frame: ρ(t) =ṙ(t) + ω e r s cos δ sin(ω e t + λ s + φ − α), where ω e is the Earth's rotation rate, r s the distance of the station from the Earth spin axis, λ s the longitude of the tracking station, α the right ascension of the spacecraft and δ the declination of the spacecraft referenced to the Greenwich φ.
The phase and amplitude of the daily oscillation of Doppler variation shown in figure 2 are used to determine the spacecraft angular position. The spacecraft declination, δ, is derived from the amplitude of the Doppler frequency variation due to Earth's rotation, (ω e r s cos δ)/c, and the right ascension, α, is determined from the phase offset of this variation from the Greenwich reference φ. Radial position changes are inferred from trends in the range data as measured in the accumulated phase,
For spacecraft in the plane of the solar system, cos δ ∼ 1, and ω e r s /c ∼ 10 −6 , a typical link frequency noise of ∼10 −14 over a few hours averaging interval yields an angular uncertainty for the phase of the sinusoid in figure 2 of ∼10 −8 day ∼ =1 ms, corresponding to ∼50 nrad for an 8-10 h pass. Fractional frequency noise ∼10 −14 is typical on these Doppler traces, higher than for a hydrogen maser for a 1000 s to 10 000 s averaging interval, illustrating that the frequency standard is not the limiting noise source.
Other sources of frequency noise in the two-way link used in Doppler navigation include path delay variations as the microwave telecommunications link passes through the Earth's atmosphere and charged particle delay from the solar wind and the ionosphere. Variations in path delay are indistinguishable from clock frequency noise and generally contribute more noise. The path delay through the atmosphere is composed of two parts: (i) the dry path delay, about 200 cm at zenith with slow variations of ∼10 cm over ∼12 h periods, and (ii) the wet path delay from water vapour in the atmosphere, which is a bigger source of link frequency noise, with delays varying from 2 cm to 20 cm and showing rapid fluctuations on all time scales.
Water vapour measurement in the atmosphere along the link is being actively pursued to reduce Doppler errors in navigation [11] . Media effects can also be removed by a double two-way link scheme where the spacecraft and ground stations each simultaneously execute a two-way link and measure the Doppler difference frequency. Since both frequency differences (one recorded on the ground and the other on the spacecraft) contain the history of the same media path delay events, these frequency noise sources can be identified and removed from the Doppler data stream [12] .
The charged particle group delay influences the link, especially as it passes through the inner solar system where the solar wind is more concentrated. However, because this delay scales as τ g ∼ electron number per area along link/f 2 , higher frequencies are preferred for precision tracking. To greatly suppress this noise source, two frequency links can be transmitted simultaneously as in the Cassini mission where an X-band uplink and coherent X-and Ka-band downlinks were used for a low frequency gravity wave search. The gravity wave search was carried out when the Cassini spacecraft and the Sun were 'in opposition,' to minimize any residual charged particle group delay from the solar wind [13] .
Another use of atomic clocks in deep space was made in the Cassini-Huygens mission to Saturn on 14 January 2005. Two small rubidium frequency standards, one on the Huygens probe, the other on the Cassini spacecraft, were to be used to measure the atmospheric winds on Saturn's moon Titan during the ∼2 h probe parachute descent. The measurement was to be derived from the Doppler frequency shift of the S-band radio signal transmitted from the probe to the Cassini spacecraft, where the two frequencies were to be compared. The nominally identical clocks were each of 2 kg with 'free-running' stability to 10 −12 at 100 s. The descent was not a 'free-running' operating environment. For example, conditions varied in temperature ( 15˚C), pressure ( 1.6 bar), acceleration (±1 g) and ambient magnetic field ( 1 mG), and the clock was expected to hold a constant frequency to within 2 × 10 −10 to resolve wind speeds to ∼0.15 m s −1 . The measurement was performed, but when the Doppler difference frequency data were relayed to Earth and examined, no data were found.
Fortunately, to enhance the measurement SNR, Earthbased detection of the Huygens to Cassini S-band link was set up at some of the most sensitive radio telescopes, namely the Green Bank 100 m and the CSIRO Parkes 64 m telescopes. This measurement recovered the wind data directly from the rubidium frequency referenced S-band link, demonstrating that the probe clock worked as designed.
A similar measurement of atmospheric winds on Jupiter experienced by a probe released by the Galileo spacecraft was made on 7 December 1995. In this case, quartz USO oscillators were used [14, 15] .
The stability of frequency standards also determines the quality of data for radiometric science experiments. In this class of space experiments, use is made of the onboard oscillator to measure fluctuations in phase and frequency of the signals emitted by the spacecraft and propagating through interplanetary media, and the planetary atmospheres or rings. These data provide information on the composition of the constituents of the planetary media, size of the particles in rings and temperature profiles of the planetary atmospheres manifested in variations of the index of refraction [16] .
The short term stability (<10 s averaging intervals) of an onboard clock (the ultrastable oscillator) is also exploited in experiments where the acceleration of the spacecraft is measured to determine the gravity field of planets. Lunar and planetary gravitational fields have been mapped in this manner.
In the second group of experiments, Doppler shifts observed on the microwave signals used to track the spacecraft are measured to determine externally induced perturbations on the velocity of the spacecraft during its cruise mode. Notable amongst this type of experiments is the search for gravitational waves, which relies on the antenna system consisting of the Earth and the spacecraft as separated test masses, and the radio link [17] . In these experiments a gravitational wave pulse, for example, will be observed as a series of three glitches on the microwave link representing the interaction of the wave with the antenna system. Two of the glitches are due to the interaction with the Earth and its image glitch transponded by the spacecraft, and the third results from the interaction of the wave with the spacecraft. These spaceborne experiments have the sensitivity to observe sources radiating in bands that are very low in frequency (10 −2 Hz to 10 −4 Hz, or lower) which are not accessible with antennas on Earth.
Observation of gravitational waves with such a scheme would be a major discovery and an important step towards opening a novel window in astronomy and astrophysics. This scheme, however, is regarded as being extremely difficult because of the minute size of the expected effect associated with the small energies that gravitational waves carry. The amplitude of the glitches recorded on the Doppler data is rather small, and is of the same order of magnitude as the amplitude of the wave. Since the ultimate sensitivity of this approach is directly determined by the stability of the microwave link, and thus the source that generates it, the gravitational wave detection experiments represent the greatest challenge to the technology of ultrastable frequency standards. The current goal for stability in support of gravitational wave detection experiments is at the 10 17 level or larger, for averaging intervals corresponding to the round trip light times of the spacecraftEarth system.
Since atmospheric propagation delays constitute a large source of uncertainty in Doppler tracking experiments, observation of gravitational waves with ground-based standards will probably not require stability exceeding the range of 1 × 10 −17 at about 1000 s averaging intervals. At intervals between 1 s and 100 s, 1 × 10 −15 is the desired stability. Precise metric tracking of the spacecraft allows yet another scientific experiment related to a test of general relativity. This experiment pertains to the measurement of the gravitational deflection of light during a solar conjunction [18] . In the framework of the parametrized post-Newtonian approximation [19] , the metric depends on two dimensionless parameters γ and β, and light deflection effects are controlled by γ . A precise determination of the frequency shift of the photon due to the solar gravity allows determination of the parameter γ with unprecedented accuracy. This experiment also requires a highly stable frequency radio link, derived from a stable frequency standard.
Tests of fundamental physics with clocks in space
Atomic clocks play an important role in defining the boundaries of various theories of physics. In space, the combination of a benign environment that results in higher performance clocks, and a significant deviation from gravity on the surface of Earth, provides a unique opportunity to test some of the most important questions facing present day physics, including tests of theories of gravitation.
Clocks are ideal tools to use to test the foundations of general relativity and other metric gravitation theories. The space environment is ideal for testing relativity, since long duration experiments in a varying gravitational potential obtained with the proper choice of orbital trajectories can be devised. Despite the desirability of high performance, spaceborne clocks, there has been only a single experiment of this type. The experiment, known as the Gravity Probe-A (GPA), involved a hydrogen maser, which was flown onboard a Scout rocket in a sub-orbital trajectory [20] . The hydrogen maser in GPA provided a wealth of information on the validity of the predictions of Einstein's relativity theory. In spite of the success of GPA and the expected improvements of a similar experiment which would go beyond a sub-orbital trajectory, no other space tests of physics with atomic frequency standards have been performed since GPA. This is chiefly because the atomic clock was incompatible with the size, power and cost elements characteristic of the field and particle instruments which flew on scientific mission platforms.
In recent years, two major developments have pointed to the feasibility of lighter, smaller and less expensive spaceborne atomic frequency standards. The first development is related to the availability of the International Space Station (ISS) as a platform for space experiments. A major feature of the ISS is that it can support large experiments with large mass and power requirements. The second major development concerns advances in technologies of laser cooling, ion traps and optical clocks. All three technologies have allowed realization of high performance clocks with the potential for a strong science return in spaceflight experiments.
The idea of a space experiment based on a space-borne atomic frequency standard is now regarded as highly desirable. Several such experiments, including a European Space Agency (ESA) mission named ACES [21] , and two NASA missions, PARCS and RACE, were planned for the ISS [22] . A third NASA mission based on a cryogenic cavity oscillator, SUMO [23] , was also part of this suite of experiments. Unfortunately, it is now unlikely that any of these experiments will fly on the ISS, due to budgetary difficulties. Nevertheless, future opportunities to fly clocks in space will undoubtedly arise. Several proposals, especially by various space agencies in Europe, are under study, including a German experiment based on optical clocks.
GPA is the classic clock test of general relativity involving the vertical launch of a hydrogen maser and observing the faster clock rate due to the gravitational red-shift at an altitude of 10 000 km. The observed frequency changes throughout the ballistic trajectory reproduced the predictions with an uncertainty of 70 ppm (parts per million). Two physical effects influence the frequency of an orbiting clock, the gravitational red-shift and the second order Doppler shift or the relativistic time dilation. The gravitational red-shift is given by −GM e /Rc 2 , where G is the gravitational constant, M e is the mass of Earth, R is the orbit's altitude and c is the velocity of light. The second order Doppler shift is equal to −v 2 /2c 2 , where v is the speed of the spacecraft.
These effects are correlated so that the maximum magnitude of the time dilation is equal to the maximum redshift for a clock in free-fall. By comparing a clock in orbit with a terrestrial clock, the combination of the gravitational potential and the time dilation is observed. If the clock has a 10 −17 accuracy, as for example was planned for RACE, then the sensitivity to the red-shift could be at the level of 0.24 ppm for an ISS altitude of 400 km. For nearly circular orbits, the time dilation, −GM e /2Rc 2 , is half of the red-shift, −GM e /Rc 2 . Such measurements represent 300-fold and 50-fold improvements over the best current results of these classic tests of general relativity.
Mansouri and Sexl [24] devised a framework to test special relativity and the principle of constancy of speed of light. In this framework the speed of light may be anisotropic and may depend on the velocity relative to some preferred frame. The most natural preferred frame is the centre of the universe. From the anistropy of the cosmic microwave background, the velocity of our solar system relative to the centre of the universe is about 377 km s −1 . This relatively high velocity makes any frequency measurements sensitive to changes in local velocity if the speed of light is anisotropic.
For a spacecraft orbiting the Earth, the velocity component along the preferred direction changes every half-orbital period. An atomic clock with a fractional frequency stability of 1 × 10 −16 for a half-orbit results in the measurement of a particular combination of parameters of the test theory constructed to explore deviations from the predictions of general relativity (β − α − 1) to a level of 8 × 10 −10 . The deviation of α and β from the predicted value of 1 signals a violation of general relativity. With 60 days of data collection with such a clock, a limit of 4 × 10 −11 may be reached, which is a million-fold improvement over the best previous measurement by Hils and Hall [25] .
The framework of Mansouri and Sexl also suggests a dependence of the speed of light on the orientation of a ruler clock such as a cavity, a test first performed by Michelson and Morley. For a quarter of a rotation of an Earth-orbiting satellite every 22 min, a cavity clock with frequency stability of 1 × 10 −16 over this interval will have a sensitivity to the combination ( 1 2 − β + δ) at the level of 2 × 10 −10 . Collecting data during two months would yield a value of 2 × 10 −12 , a factor of 2500 better than the previous measurements.
A further test of Einstein's relativity can be conducted with clocks based on different physical processes. Experiments in orbit with the clock and orbital parameters stated above can lead to up to three orders of magnitude improvements over this class of tests, which measure the effect of local position invariance (LPI) [19] .
Experiments such as those mentioned above may also be conducted on the surface of Earth, rather than in orbit. Of course, an advantage of experiments in orbit, as mentioned above, is that they take advantage of the benign environment of space to obtain better performance from clocks. Otherwise, the rotation of a cavity clock can be made to be faster on Earth than the rotation rate in orbit, and Earth-based clocks see the same change in solar gravitational potential for LPI experiments. A unique measurement of the one-way speed of light using two hydrogen masers separated by about 30 km was previously performed. In that experiment, light in an optical fibre was modulated with the masers' signals and propagated in opposite directions from the site of one maser to the other [26] . A comparison of the signal from the distant maser with that of the local maser led to an upper bound on the isotropy of light, limited by the drift of the masers.
Currently, some of the most fundamental questions limit our understanding of the physical universe. Are nature's constants really constant, or have they changed over the evolution period of the Universe? How can gravity be reconciled with the quantum theory? What lies beyond the standard model of fields and particles?
At this time, we believe that answers to these questions will arise from beyond the standard model, ushering the birth of new physics. Tantalizing evidence for this is suggested by, for example, the M theory, where the concept of elementary particles as point mass objects is abandoned in favour of excitations of fundamental strings. This enormous leap in modelling provides for a natural unification of gravity with quantum mechanics. It also hints, as implied by the requirement of multiple dimensions beyond the ordinary (3+1) dimensions of space and time, that constants of nature are in fact variables, undergoing change in time and space. This aspect of the model is particularly intriguing in light of new observations that suggest the fine structure constant, α, a dimensionless constant of nature, may indeed have undergone a change during the evolution of the universe.
It is interesting that models aimed at resolving the puzzle of an accelerating universe, as suggested by recent observations of Type Ia supernovae in distant galaxies combined with data on the cosmic microwave background, also imply a varying fine structure constant. The most promising of such models posit the existence of a dynamical vacuum energy quintessence [27] with a scalar field, the slow evolution of which accounts for the changing rate of the expansion of the universe. It is then clear that an unambiguous test for the detection of a variation in α can enormously aid the search for answers to questions posed above and will elucidate important aspects of new physics beyond the standard model.
Recent developments on both theoretical and observational fronts have fuelled considerable interest in the search for a variation of the fine structure constant. On the observational side, Webb et al [28] have found evidence for a cosmological variation of the fine structure constant through an analysis of the absorption lines in galactic halos from quasar-emitted light. Their results indicate that the fractional change in α, averaged over a red-shift in the range of 0.2 z 3.7 is (−0.57 ± 0.10) × 10 −5 . On the theoretical side, many of the outstanding issues confronting fundamental physics, such as the failure to include gravity in the standard model, and puzzles of cosmology, such as inflation and the apparent accelerated rate of the expansion of the universe, appear to imply the existence of massless, or nearly massless, scalar fields. These fields appear as dilatons or moduli in the M-theory, supporting the unification of gravity with other forces, as well as suggesting a possible breakdown of the equivalence principle. They also appear as quintessence in models of cosmology aimed at resolving fine tuning and other outstanding problems, including those mentioned above [29] . The scalar fields in these models imply a spatio-temporal variation of constants of nature, such as the fine structure and other field coupling constants.
Atomic clocks allow a direct search for the time variation of the fine structure constant through a comparison of the rates between clocks of different physical composition [30] . All atomic clocks are based on transitions between hyperfine levels determined by the interaction with the magnetic moment of the valence electron. For alkali atoms, an expression for the hyperfine interval may be obtained, as follows:
Here, z is the net charge of the ion without the valence electron, and n * is the effective quantum number, with D n = n − n * , δ and ε are related to the corrections for the finite size of the nucleus. Thus the sensitivities of different clocks based on atoms of different Z, to a change in the fine structure constant display specific signatures. In particular, the Casimir correction factor, F (αZ) (for the relativistic wave equation of the electron), leads to the differential sensitivity in the alkali microwave hyperfine clock transition frequencies, f :
It is clear from the above equation that different atomic systems with different Z display different frequency dependences on a variation of α through the (αZ)-dependent terms. A direct test for a time variation of α can then be devised through a comparison of two clocks, based on two atomic species with different atomic number, Z. The first clock test to search for a time variation in the fine structure constant was performed by comparing the frequency of a hydrogen maser with that of a mercury ion standard [30] . This first experiment provided an upper bound for the fractional time variation of α to be less than ∼4×10 −14 yr −1 . Since then, comparisons of the frequencies of clocks based on laser-cooled caesium and rubidium, as well as optical clocks, have improved on this first measurement by about an order of magnitude. As the performance of clocks improves with advances in the technology, this limit is expected to be improved by another order of magnitude.
Since a variation in the fine structure constant would be mediated in all model predictions by the coupling of a scalar field to matter, the fall in the 1/R potential near the Sun will allow a direct test of general relativity, where only the tensor field is allowed and where the constants are not allowed any variation. This is an important point to consider in clock tests, and other tests searching for an alpha variation based on a signature of the failure of the equivalence principle (EP). Since EP is currently tested at about the 10 −12 level [31] with no violations found, any test searching for variations in the fine structure constant must have a sensitivity higher than 10 −12 to EP violation to produce new results.
Recently, a space mission has been proposed to carry three clocks based on three different atomic species that can be inter compared for individual signatures to the vicinity of the Sun [32] . To reduce the influence of systematic errors that can mimic the frequency intercomparisons, the three clocks will share the same environment. The expected sensitivity of the differential red-shifts as measured by the three clocks that are within six solar radii is at the level of 10 −13 of the EP, or about six orders of magnitude larger than the GPA experiment. Thus the results of this mission, dubbed 'SpaceTime' will improve the current state of the art in EP violation by an order of magnitude. It will also improve on the results of Webb et al [28] by four orders of magnitude, beyond the capability of all existing and future Earth-bound clock experiments. Furthermore, the spinning spacecraft carrying the SpaceTime instrument will be moving at 300 km s −1 , or 1 1000 of the speed of light; at its closest approach, it will test another important question: is Lorentz symmetry robust or does it fail at some limit? This question is important since string theory and theories that extend beyond the standard model [33] result in physics without Lorentz and other global symmetries such as CPT.
Time on the Internet
We have presented a few examples of the use of clocks and time and frequency dissemination systems in various applications that impact daily life or fundamental physics. Our emphasis, as mentioned in the introduction, has been on examples that require the highest performance for clocks and oscillators. Nevertheless, a large number of other widespread applications of frequency and timing have recently emerged. Advances in data communication networks, cellular telephones, automated banking networks, power grid distribution systems and other similar technologies in recent times require synchronization and timing with ever increasing accuracy. The timing accuracy ensures that data collision is avoided, and uninterrupted access is provided. We will provide one example of this type of application for the purpose of illustration.
One of the more recent and common uses of clocks is the synchronization of computers with the Network Time Protocol (NTP) [34] . NTP is a time synchronization system for computer clocks through the Internet. Originally, NTP was developed at the Delaware University in the United States, and since inception three versions of NTP have emerged. The current version was introduced in 1992 and is compatible with the previous ones. A new simplified NTP was introduced in 1995 to allow simpler schemes for personal computers. The operation of NTP is fully automatic, widely available and fault tolerant. NTP can provide UTC time, independent of time zones and daylight saving time, and can be used to synchronize a single computer or a full network. The synchronization accuracy of NTP is at the millisecond level.
The operation of NPT is based on a precision reference clock that provides time to a server. The server in turn can synchronize other computers that are connected to it and use a common type of NTP software. Each such computer, referred to as stratum 2, can in turn function as a stratum 1 server to a bank of other computers. This hierarchy can be repeated up to 16 layers, and since each server can have hundreds of clients, then an essentially unlimited number of computers can be synchronized with the same reference clock. The accuracy of synchronization, though, decreases with increasing number of strata. For reliability, each client computer can be synchronized with more than one server in an upper stratum.
Various Internet services utilizing NTP and similar protocols are available. The NIST Internet time service provide time information that is directly traceable to UTC (NIST), and is accessible to any Internet client in various formats [35] . The immense popularity of such a service is clearly manifest by the very large number of automated requests that this service receives from clients; it exceeds an average of 1.5 billion per day!
Summary
Time and frequency information provided by clocks and oscillators is an important and ubiquitous part of life in today's society. The immense impact of clocks in opening up navigation to seafarers via the now well-known longitude navigation is now being extended to land, air and space travel. Navigational systems such as GPS provide the capability to deliver time and location information for a variety of civil and military applications that range from the exotic (guiding warheads directly to their targets) to the mundane (locating a popular restaurant). At the opposite extreme, advances in atomic clocks, and other technologies such as optical and cryogenic oscillators, have led to new opportunities to examine the underlying assumptions of the most fundamental models that form our understanding of the physical universe. In this paper, we have presented a range of applications of clocks and oscillators to illustrate their widespread use. We end this paper by mentioning that new roles for frequency and time information continue to appear in a variety of fields and applications. These include fields as cellular biology, where synchronization of cells is studied as a means of understanding fundamental biological processes. Thus, the application of clocks and oscillators is poised to grow at an even faster pace than before.
